Psychedelic drugs, such as psilocybin and LSD, represent unique tools for researchers in- 16 vestigating the neural origins of consciousness. Currently, the most compelling theories of how 17 psychedelics exert their effects is by increasing the complexity of brain activity and moving 18 the system towards a critical point between order and disorder, creating more dynamic and 19 complex patterns of neural activity. While the concept of criticality is of central importance to 20 this theory, few of the published studies on psychedelics investigate it directly, testing instead 21 related measures such as algorithmic complexity or Shannon entropy. We propose using the 22 fractal dimension of functional activity in the brain as a measure of complexity since findings 23 from physics suggest that as a system organizes towards criticality, it tends to take on a fractal 24 structure. We tested two different measures of fractal dimension, one spatial and one temporal, 25 using fMRI data from volunteers under the influence of both LSD and psilocybin. The first was 26 the fractal dimension of cortical functional connectivity networks and the second was the fractal 27 dimension of BOLD time-series. We were able to show that both psychedelic drugs significantly 28 increased the fractal dimension of functional connectivity networks, and that LSD significantly 29 increased the fractal dimension of BOLD signals, with psilocybin showing a non-significant trend 30 in the same direction. With both LSD and psilocybin, we were able to localize changes in the 31 fractal dimension of BOLD signals to brain areas assigned to the dorsal-attentional network. 32 These results show that psychedelic drugs increase the fractal character of activity in the brain 33 and we see this as an indicator that the changes in consciousness triggered by psychedelics are 34 associated with evolution towards a critical zone. 35 The unique state of consciousness produced by psychedelic drugs like LSD and psilocybin (the 39 active component in magic mushrooms) are potentially useful tools for discovering how specific 40 changes in the brain are related to differences in perception and thought patterns. Past research 41 into the neuroscience of psychedelics has led to the proposal of a general theory of brain function and 42 consciousness: the Entropic Brain Hypothesis proposes that consciousness emerges when the brain is 43 sitting near a critical tipping point between order and chaos and that the mind-expanding elements 44 of the psychedelic experience are caused by the brain moving closer to that critical transition point. 45 Physicists have discovered that near this critical point, many different kinds of systems, from magnets 46 to ecosystems, take on a distinct, fractal structure. Here, we used two measures of fractal-quality 47 of brain activity, as seen in fMRI, to test whether the activity of the brain on psychedelics is more 48 fractal than normal. We found evidence that this is the case and interpret that as supporting the 49 theory that, psychedelic drugs are move the brain towards a more critical state. 50 3 1 Introduction 51
Calculating Network Fractal Dimension
box-counting algorithm, which is an accessible and computationally tractable method that captures 194 the distribution of elements across multiple scales [24] . Intuitively, the box-counting dimension 195 defines the relationship between a measured quality of a shape in space, and the metric used to 196 measure it. The canonical example is the question of how long the coastline of Britain is [51] . 197 If one wishes to measure the length of Britain's coast, they could estimate it by calculating the 198 number of square boxes N B (l B ), of a given width l B , that are necessary to tile the entire coastline. 199 For very large values of l B , N B (l B ) will be small, while as the value of l B decreases, N B (l B ) will 200 asymptotically approach some value. If the shape being tiled is a fractal, then:
Where d B is the box-counting dimension. Algebraic manipulation shows that d B can be extracted v i and v j the distance between them l ij < l B . Here, the distance between two nodes v i , v j is the 206 graph geodesic between the vertices: the number of edges in the shortest path between them. It should be noted that there has been much discussion surrounding the appropriateness of this 217 method for describing the presence (or absence) of power-laws in empirical data [53] . We chose the 218 above-described method for a few reasons: the first was to remain as consistent as possible with the 219 method used in previous analysis of the fractal dimension of human FC networks [44, 43] , the second 220 was because of the tractability of the analysis, and finally, the relatively small size of the network 221 forced a limited range of box sizes l B (approximately a single order of magnitude), which precluded 222 the use of larger, more data-driven analyses. We stress that, given the ongoing discussion around 223 the optimal way to find power-law relationships, the results reported here should not be interpreted 
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The original method is recorded in detail in the original paper [50], but will be briefly described 233 here. The algorithm takes in a time-series X(t) with N individual samples, defined as:
In this case, every X(t) corresponds to one Hilbert-transformed BOLD time-series H(t) extracted 235 from our functional brain scans (details below). Hilbert-transforming was chosen to be consistent 236 with previously-reported studies of time-series complexity and consciousness [55, 56, 20] . From each For each time-series X(t) m k in k 1 , k 2 , ...k max , the length of that series, L m (k), is given by:
We then define the average length of the series L(k) , on the interval [k, L m (k)] as:
If our initial time-series X(t) has fractal character, then L(k) ∝ k −D . As with the procedure for The data acquisition protocols and preprocessing pipelines were described in detail in a previous 260 paper [58], so we will describe them in brief here. 20 healthy volunteers underwent two scans, 14 days 261 apart. On one day they were given a placebo (10-mL saline) and on the other they were given an 262 active dose of LSD (75 µg of LSD in 10-mL saline). BOLD scanning consisted of three seven minute 263 eyes closed resting state scans. The first and third scans were eyes-closed, resting state without any 264 in-ear auditory stimulation (music), and these were what were used in this report.
265
Anatomical imaging was performed on a 3T GE HDx system. These were 3D fast spoiled gradient excluded for excessive motion (measured in terms of frame-wise displacement).
274
The following pre-processing stages were performed: removal of the first three volumes, de- The data acquisition protocols and preprocessing pipelines were described in detail in a previous 284 paper [59], so we will describe them in brief here. Fifteen healthy volunteers were scanned. Anatom- the assignment of nodes to these networks see Figure 2 . We then used the Higuchi fractal dimension Assignment of nodes to canonical networks.
Figure 2:
A visualization of how the 1000-node functional connectivity networks were parcellated into seven different brain regions, following the mapping described by Yeo et al., [62, 61] The specific map file is available from GitHub at https://github.com/ThomasYeoLab/CBIG/blob/master/stable projects/brain parcellation /Schaefer2018 LocalGlobal/Parcellations/MNI/Schaefer2018 1000Parcels 7Networks order.txt ({1,2,...,10}) , the minimum number of boxes of that length necessary to tile a 1,000-ROI functional connectivity measure is calculated. If the log-transformed values display a linear relationship, that is evidence of a power-law distribution, and the slope characterizes the dimension of the network. Here, each point is th the average number of boxes across all subjects (n=15) in that condition, for each box length. A steeper slope corresponds to a higher fractal dimension, which is associated with a more complex system.
Network fractal dimension

Note the log-log axes.
Whole-brain Higuchi fractal dimension results. For each time-series, the fractal dimension was calculated using a k max = 64. While the effect size is small in absolute terms, given the small range that the fractal dimension of a time-series usually falls, it remains highly significant.
These results suggest that, at least for the LSD condition, the activity of the brain tends towards increased fractal character in the temporal as well as spatial dimension. This is consistent with the between the averages between the two non-drug conditions (placebo condition of the LSD dataset, 398 and the pre-infusion condition of the psilocybin dataset) are most likely explained by the significant 399 difference in the lengths of scans and number of time-points the algorithm was fed. To test this, 400 we re-ran the Higuchi fractal dimension analysis on LSD signals that had been truncated to be the 401 same length as as the psilocybin time-series (100 samples), and found that there was no longer a 402 significant difference between the drug and control conditions. We take this as evidence that the 403 lack of significant difference between psilocybin and control conditions cannot be attributed to the 404 drug directly but rather, may be reflective of a fundamental limitation in the utility of the Higuchi 405 algorithm when working with sparse datasets. 406 We found a significant correlation between network fractal dimension and temporal fractal di-407 mension in the LSD condition (ρ = 0.49, p-value = 0.006), however, we did not find a significant 408 correlation between the two metrics in the psilocybin conditions (ρ = 0.31, p-value = 0.21). For 409 visualization, see Figure 6 . 410 
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Correlation between network fractal dimension and Higuchi fractal dimension. Figure 6 : Correlation between network fractal dimension and global higuchi fractal dimension in the LSD and psilocybin conditions. In the LSD dataset, there was a significant, positive correlation between the two measures of fractal dimension (r=0.49, p-value =0.006) that was not apparent in the psilocybin dataset (r=0.23, p-value = n.s.). As previously discussed, we believe this is reflective of the short length of the psilocybin time-series relative to the LSD scans. Control 0.897 ± 0.013 p = 0.001 Higuchi fractal dimension during LSD. The significant increase in the dorsal-attentional network in both the LSD and psilocybin condi-425 tions suggests that this finding may be more robust than the increases in the fronto-parietal network 426 or visual network that appear to be unique to LSD. An increase in the complexity of activity in the
